Introduction
Coronary artery disease (CAD) is currently, more than ever, a global problem with enormous economic consequences. Aerobic power, expressed as peak oxygen uptake (VO 2 ) is an independent prognostic factor of survival in patients with cardiovascular disease. 1 It is widely known that physical activity improves survival, 2 prevents the progression of CAD, 3 improves myocardial oxygen supply, 4 and increases aerobic power. 2, 5 Larger improvements in aerobic power are, furthermore, associated with greater reductions in cardiovascular risk factors 6 and mortality risk. 7 There is, however, considerable individual variation in aerobic power as well as in the response to physical training 6, 8 of which, particularly in CAD, the larger part remains unexplained. 8 Numerous studies in healthy families 9, 10 and twins [11] [12] [13] [14] provide strong indication that the genetic make-up of individuals contributes to the large variation in aerobic power. Estimates of heritability for aerobic power in sedentary subjects in those studies range between 25 and 66%, [9] [10] [11] [12] [13] [14] with larger resemblance in monozygotic than in dizygotic twins. [11] [12] [13] [14] The response of aerobic power to physical training has also been shown to be genotype-dependent in monozygotic twins 15 and familial aggregation is estimated at 47%. 16 Oxygen delivery to working muscles during exercise is increased via augmented cardiac output through a combination of both cardiac and vascular effects of catecholamine-activated adrenergic receptors. The two major subtypes of b-receptors, designated b 1 -and b 2 -adrenergic receptors (b 1 AR and b 2 AR), are present in varying proportions in different tissues. The b 1 AR is a 7-transmembrane G s -protein-coupled receptor expressed in cardiac myocytes. 17 b 1 AR activation elicits excitatory reactions in the heart, resulting in higher cardiac output through increased cardiac inotropy and chronotropy, 18 whereas b 2 AR stimulation has primarily vasodilatory effects. 19 In addition, blockers selective for the b 1 AR or blocking both receptor subtypes impair exercise performance in both normotensive and hypertensive subjects. 20 In 1999, two common functional polymorphisms have been identified 21 within the coding region of the polymorphic b 1 AR gene, located at chromosome 10. 22 At position 145, an A to G transition substitutes the 'wild-type' serine residue at codon 49 (Ser49) by glycine (Gly49) (Ser49Gly) within the extracellular amino-terminal of the receptor, 23 which may alter b 1 AR expression. 21 It, furthermore, appears that agonist-promoted downregulation is enhanced with Gly49. 24 A G to C substitution at position 1165 replaces glycine by arginine at codon 389 (Gly389Arg) in the intracellular cytoplasmic tail near the seventh transmembrane region of the receptor, which is a critical site for G s -protein coupling. 25 In a biochemical model, the arginine form (Arg389) was associated with a three-fold higher agonist-mediated adenylyl cyclase activity than the glycine form (Gly389). 25 Because the b 1 AR is crucial in regulating cardiac output during exercise, and agents blocking it may impair exercise performance, we hypothesized that genetic variation of the b 1 AR gene could determine aerobic power in CAD patients. Indeed, in chronic heart failure, the Gly389Arg polymorphism and haplotypes with the Ser49Gly polymorphism were shown to be associated with exercise performance. 26 Associations between polymorphisms of the b 1 AR gene and aerobic power and, particularly, the response to physical training have not been investigated in patients with CAD. The objective of this study was, therefore, to investigate whether the functionally important Ser49Gly and Gly389Arg polymorphisms of the b 1 AR gene or their haplotypes account for the individual variance in aerobic power or its response to physical training in patients with CAD included in the CAREGENE (CArdiac REhabilitation and GENetics of Exercise performance) study.
Methods Patients
From 1990 to 2001, a total of 1280 patients have been referred to the ambulatory cardiac rehabilitation programme of the University Hospitals of Leuven. Of these, 1183 (92.5%) patients were referred after myocardial infarction, percutaneous transluminal coronary angioplasty (PTCA), coronary artery bypass grafting, stable angina pectoris which did not limit exercise performance, or a combination of these. A selection among these CAD patients was made, where only biologically unrelated Caucasian patients who had achieved evident exhaustion 27 during graded cycle ergometer testing for determination of aerobic power at baseline and after 3 months of exercise training (n ¼ 1154) were eligible for inclusion in the CARE-GENE study. Finally, patients after heart transplantation, after implantation of a pacemaker, a cardioverter defibrillator or an artificial valve, or after any other cardiac surgery (n ¼ 59) were excluded. Among 1095 patients who fulfilled these criteria, 42 were deceased and 11 could not be contacted. The remaining 1042 patients were invited to give a blood sample for genotyping in the CAREGENE study between March 2001 and June 2002. A total of 937 patients agreed to take part, and written informed consent was obtained from each participant before blood sampling. Reasons for non-participation as reported by eligible candidates were mostly related to ambulatory difficulties and transportation, timing, personal reasons, and refusal for genetic testing. Nine hundred and thirty-five blood samples were finally suitable for DNA extraction. Approval for this study was obtained from the Ethics Committee of the Faculty of Medicine.
Exercise testing
The maximal exercise tests on the cycle ergometer (Ergometrics 800S w , Ergometrics, Bitz, Germany) were performed in a laboratory where room temperature was stabilized at 18-228C. The initial workload of 20 W was increased until exhaustion by 30 W every 3 min or by 20 W every minute, respectively, until or from the year 2000. Blood pressure was regularly measured by use of an STBP-780 w device (Colin, Komaki, Japan). Heart rate and a 12-lead electrocardiogram (Max Personal Exercise Testing w , Marquette, WI, USA) were registered continuously. Respiratory data (STPD: 'standard temperature pressure dry' conditions of the gas) were measured through breath-by-breath analysis using an Oxycon Alpha w (Jaeger, Mijnhardt, Bunnik, the Netherlands) until 1994 or an 2900Z
w (Sensormedics, Bilthoven, the Netherlands) after that date. Individual patients were tested with the same protocol and equipment at baseline and after training. The gas analysers were a paramagnetic O 2 analyser and an infrared CO 2 analyser. Pulmonary ventilation (V E ) was measured by means of a turbine flow meter. The gas analysers and the flow meter were calibrated before each exercise test according to the manufacturer's instructions. VO 2 and carbon dioxide output (VCO 2 ) were determined from the continuous measurement of oxygen and carbon dioxide concentration in the inspired and expired air. Peak VO 2 was defined as the highest 15-s average of VO 2 obtained at the end of the test and was expressed as mL min 21 . The percent of predicted peak VO 2 was calculated as peak VO 2 divided by maximal predicted VO 2 , using the values reported by Wasserman et al. 28 The ventilatory equivalent for oxygen and carbon dioxide (V E divided by VO 2 and VCO 2 , respectively) and respiratory exchange ratio (VCO 2 /VO 2 ) at peak exercise were also calculated.
Exercise training
Patients took part in an ambulatory, supervised exercise training programme for 3 months. Three exercise sessions per week with a duration of 90 min per session were offered. Each session consisted of cycling, running, arm ergometry, rowing, predominantly isotonic callisthenics, and relaxation. Exercise intensity was individually determined by heart rate and progressively increased for each patient separately. Each patient spent on average 45 min above training heart rate during each session. Training frequency averaged 2.27 + 0.02 times/week and training intensity was 79.7 + 0.35%. The latter was calculated as: (training heart rate/ peak heart rate) Â 100, where the mean training heart rate of the last three exercise sessions and peak heart rate of the exercise test after training were used.
Genotype determinations
DNA was extracted from white blood cells using the 'saltingout' 29 method. To genotype polymorphisms in the b 1 AR gene, the Invader TM assay 30 (Third Wave Technologies) was used. The Invader assay combines structure-specific cleavage enzymes and a universal fluorescent resonance energy transfer (FRET) system. These enzymes will only cleave when the gene-specific probes bind the target. This mechanism warrants the specificity for distinguishing between alleles, whereas the FRET system generates an amplified readout. 31 Synthetic target oligonucleotides were used as controls in every experiment. All reaction components b 1 -Adrenoceptor gene and aerobic power in CADwere designed and provided by Third Wave Technologies. Genotyping was performed in a 96-well format. The reaction mixture was prepared by combining Probe Mix (211 mL), FRET mix (317 mL), Cleavase enzyme (79 mL), and MAP buffer (26 mL). Six microlitres of this mixture was added into a 96-well plate. Six microlitres of no target blank, synthetic target oligonucleotides, or genomic DNA samples (50 ng/mL) was added. After short centrifugation and incubation at 638C for 4 h, fluorescent intensities were measured using a fluorescence microtitre plate reader (Victor 2 , Perkin Elmer). Genotypes were determined by calculating the ratios of the net wild-type and net mutant signals. 32 The analysis was repeated once on those samples where no genotype could be obtained during the initial testing. If genotyping failed twice, samples were excluded from the analysis. In practice, this failure rate varies between 1.4 and 5.1% (data not shown). It seems that either impurities in or the quality of the DNA samples interferes with the Invader reaction to a larger extent than they would do in PCR approaches, at least in our hands.
Statistical methods
Data were analysed using SAS statistical software w version 8.0 for windows (SAS Institute, Inc., Cary, NC, USA). Data are reported as means + SE or as number of patients with percentage for dichotomous variables. A x 2 test with one degree of freedom was used to test whether the observed genotype frequencies were in HardyWeinberg equilibrium. Distributions were checked for normality with the Shapiro-Wilk statistic. Comparisons between the exercise test at baseline and after training were made by paired Student's t-test; comparisons across genotypes by analysis of variance (ANOVA), followed by Fisher's protected least significant difference (LSD) if significant. Categorical data were tested by x 2 or by Fisher's exact test where appropriate. To test potential relationships between b 1 AR variation and aerobic power or the response to training the use of two models was stipulated in advance. One model tested the genotype effect; another tested the effect of haplotype combinations. Each model included analysis of the raw and of the adjusted data by ANOVA and ANCOVA, respectively. Where significant, the latter was followed by Fisher's protected LSD. For the ANCOVA, the general linear model procedure was used where other determinants of the variable of interest were entered as covariates. These covariates had been identified up front by means of a stepwise selection procedure where the following list of independent variables was included: age, gender, height, weight, underlying heart disease, interventions and all types of medication, family history of CAD, history of hypertension or diabetes, previous and current smoking habits, angina or dyspnoea during daily life activities, systolic and diastolic blood pressure at rest, resting heart rate, exercise-induced ST depression or arrhythmia, training intensity, and frequency. The significance level was 12.5% for inclusion and 5% for exclusion from the stepwise building procedure. Haplotypes were constructed using the Phase w (version 2.1) programme. 33, 34 All statistical tests were two-sided at a significance level of 5%.
Results

CAREGENE study patients
A selection of relevant clinical characteristics of the overall CAREGENE study cohort (n ¼ 935) is listed in Table 1 . Aerobic power at baseline averaged 1716 + 16 mL min 21 or 77.9 + 0.6% of predicted healthy values 28 and ranged between 537 and 3326 mL min 21 . Aerobic power increased with physical training by 24.2 + 0.6% (P , 0.001), ranging from a decrease of 33.6% to an increase of 111.1%. At peak exercise, respiratory gas exchange ratio was 1.14 + 0.003 at baseline and 1.13 + 0.002 after training; peak ventilatory equivalent for oxygen was 38 + 0.2 and 37 + 0.2, respectively.
The b 1 AR genotype at positions 49 and 389 was successfully analysed in 892 and 900 patients from the cohort of 935, respectively. Clinical characteristics according to Ser49Gly and Gly389Arg b 1 AR genotype are shown in Table 1 . At position 49, there were 548 (61%) Ser49Ser (homozygous wild-type) patients, 326 (37%) Ser49Gly (heterozygote), and 18 (2%) Gly49Gly patients (homozygous mutant). The allelic prevalence of Ser49 (80%) and Gly49 (20%) was consistent with those previously reported. 26 At position 389, the Gly389Gly genotype (homozygous wild-type) was observed in 61 (7%) patients, 390 (43%) were heterozygotes, and 449 (50%) patients were homozygous for Arg389. The allelic prevalence of Gly389 (28%) and Arg389 (72%) was also similar to those observed in previous studies. 21, 25, 26, 35, 36 Given the similar allelic (P . Blood pressure and heart rate values according to Ser49Gly and Gly389Arg polymorphisms are shown in Table 2 . Resting and submaximal heart rate and resting diastolic blood pressure were lower in Gly389 homozygous patients as compared with carriers of the Arg389 allele. In Gly49 homozygous patients, submaximal heart rate was lower and diastolic blood pressure was higher as compared with Ser49 carriers.
Aerobic power and response to training
Aerobic power at baseline, after physical training, and the response to training stratified by the position 49 genotypes of the b 1 AR are shown in Table 3 . Patients homozygous for the Gly49 allele of the b 1 AR gene had significantly higher aerobic power at baseline than in heterozygotes (P ¼ 0.035) and those homozygous for the Ser49 allele (P ¼ 0.026). Table 4 , presenting aerobic power at baseline, after training, and the response according to Gly389Arg genotype, shows no differences across the three genotypes.
Highest frequency was observed for the Ser49Arg389 (53.1%) haplotype. Frequencies of the Ser49Gly389 and Gly49Arg389 haplotypes were 27.5 and 18.7%, respectively. The Gly49Gly389 haplotype was very rare (0.6%). Of four possible homozygous allele combinations, only three existed in our population. No patient carried the Gly49Gly/Gly389Gly homozygous allele combination. Patients who were homozygous for the Gly49Arg389 allele combination (1916 + 87 mL min 21 ) had significantly higher adjusted aerobic power at baseline compared with those with the Ser49Gly389 (1677 + 49 mL min 21 , P ¼ 0.026) and Ser49Arg389 (1710 + 22 mL min 21 , P ¼ 0.044) homozygous allele combinations (Figure 1) . We finally also included (6) 13 (4) 1 (6) 2 (3) 20 (5) 25 (6) 49 (5) History of hypertension 152 (28) 80 (25) 8 (44) 13 (21) 107 (27) 120 (27) 251 (27) Current smoking 26 (5) 16 (5) 1 (6) 4 (7) 13 (3) 27 (6) (5) 14 (3) 43 (5) AMI, acute myocardial infarction; CK-MB, creatine kinase; CABG, coronary artery bypass grafting; PTCA, percutaneous transluminal coronary angioplasty. Data are presented as means + SE for continuous variables and as numbers (percentage) for dichotomous variables. For comparison between groups, ANOVA (continuous variables) and x 2 or Fisher's exact test(dichotomous variables) was used. Overall F for the comparison of age, body mass index, and CK-MB was 0.89, 0.28, and 0.65, respectively, across Ser49Gly and 0.29, 0.11, 0.10, respectively, across Gly389Arg. None of the patient characteristics at baseline were statistically different between the three genotypes. b 1 -Adrenoceptor gene and aerobic power in CAD heterozygous allele combinations in the analyses. This revealed significantly higher adjusted aerobic power at baseline (P , 0.05) in both rarest haplotype combinations, i.e. Ser49-Gly389/Gly49-Gly389 and Gly49-Arg389/Gly49-Arg389, in comparison to other combinations ( Figure 1) .
Training intensity and training frequency were comparable across b 1 AR genotypes and haplotypes. Aerobic power increased significantly (P , 0.001) with physical training. There was no association of the Ser49Gly (Table 3) and Gly389Arg (Table 4 
Discussion
This study is the first to test the hypothesis of an association between the two common polymorphisms of the b 1 AR gene and aerobic power and the response to physical training in CAD. In patients with CAD who took part in the CAREGENE study, we show that haplotypes of the b 1 AR Ser49Gly and Gly389Arg polymorphisms are indeed predictive for aerobic power, however, not for the response to physical training.
Aerobic power and the response to physical training vary largely among individuals with CAD. In a previous study in 1909 cardiac patients, we reported that the response of aerobic power to 3 months of physical training ranged from a decrease of 40% to an increase of 120%. 8 A total of 12 determinants accounted for merely 21% of this variation, with exercise performance at baseline and training dosage as the strongest determinants. The remaining variation is most likely the result of many interacting variables such as social, environmental, behavioural, physiological, pathophysiological, metabolic, and genetic factors. The impact of genetic variation on aerobic power and on the response to training amounts to 66% [9] [10] [11] [12] [13] [14] and 47%, 15, 16 respectively. Wagoner et al. 26 first reported that two common b 1 AR polymorphisms are significant determinants of exercise performance in patients with congestive heart failure. Although Gly389 was originally considered the 'wild-type' receptor, 37 subsequent studies 25, 26, 38 are in agreement with our finding that Arg389 is the more prevalent variant (72%). For reference, however, we considered the Gly389 receptor as 'wild-type'.
In chronic heart failure, homozygous Arg389 patients showed significantly higher aerobic power and blood pressure in comparison to those with Gly389. 26 Also, hypertensive patients homozygous for the Arg389 allele had significantly higher diastolic blood pressure and heart rate as compared with Gly389 carriers. 35 In agreement with those findings, 26, 35 resting and submaximal heart rate and resting diastolic blood pressure in this study were also significantly higher in homozygous Arg389 patients as compared with Gly389 despite similar blood-pressure-lowering treatment. It was hypothesized that increased activity of the Arg389 variant in vivo may result in higher cardiac output and blood pressure. 35 This result is in line with original findings at the molecular level, where rodent clonal cell lines expressing only the Arg389 genotype in vitro had both greater basal and isoproterenol-stimulated adenylyl cyclase activity than cells expressing only Gly389. 25 This was later replicated in native human receptors where enhanced G s -protein coupling of the Arg389 variant was also accompanied functionally by a stronger inotropic potency of b 1 AR activation in vitro. 39 The inotropic consequence could, however, not be confirmed in another study in patients with CAD managed with or without b-blockers where the cardiostimulant effects of norepinephrine at b 1 Ars in the right atrium were conserved across the Gly389Arg genotypes. 36 A functional effect of the Gly389Arg polymorphism on aerobic power was not observed in this study either. The present finding is also consistent with previous studies where a functional role for Gly389Arg in vivo was not supported. 38, 40 Exercise-induced increases in heart rate in healthy young adults 38, 40 and shortening of the electromechanical systole, 38 which are primarily mediated by b 1 AR stimulation, 18 were not different for homozygous Arg389 and Gly389 groups. Furthermore, in two studies in hypertensive patients, the Gly389Arg genotype failed to affect blood pressure or heart rate at baseline 41 or the changes in blood pressure and heart rate 41,42 during treatment with selective b 1 -blockers. Despite functional differences between the Gly389Arg receptor variants Figure 1 Covariate-adjusted peak oxygen uptake (mL min 21 ) at baseline according to homozygous and heterozygous haplotype combinations of the b 1 AR Ser49Gly and Gly389Arg polymorphisms in biologically unrelated Caucasian CAD patients in the CAREGENE study. Adjusted for training intensity and frequency and for aerobic power at baseline. Values are means + SE. Analysis of (co)variance was used to compare means. F-value and level of significance (P value) of the overall AN(C)OVA are presented. expressed in vitro, the phenotypic consequences in vivo, including aerobic power in patients with CAD, thus remain inconclusive.
At position 49, aerobic power at baseline was significantly higher in patients homozygous for the Gly49 mutation as compared with homozygous Ser49 and heterozygous patients. There was a tendency for an enhanced aerobic power after 3 months of physical training in Gly49 homozygous patients as well, however, statistical significance was not reached. These results are in line with the findings of Wagoner et al., 26 where aerobic power was higher in a combined group of patients homozygous for Gly49 (1.68%) and the heterozygous groups ('Gly49 carriers') vs. Ser49 homozygous patients. Despite similar antihypertensive treatment, resting and submaximal heart rate were higher in homozygous Ser49 and heterozygous patients as compared with Gly49, although statistical significance was only observed for submaximal heart rate. This is comparable with observations in healthy subjects where Ser49 homozygotes also showed the highest mean heart rate. 43 Diastolic blood pressure in this study was also significantly higher in homozygous Gly49 as compared with Ser49 and heterozygotes. These observations are unlikely due to differences in G s -protein coupling across the Ser49Gly genotype. Gly49 and Ser49 b 1 ARs display identical agonist and antagonist binding affinities. Furthermore, basal and agoniststimulated adenylyl cyclase activities were the same for these receptors. Long-term agonist-promoted downregulation, however, does appear to be enhanced with Gly49. 24 In agreement with observations in chronic heart failure, 26 merely three of the four possible homozygous allele combinations existed in our population. Also, in analogy with that study highest aerobic power at baseline was observed in patients homozygous for the Gly49Arg389 allele, whereas in those with the Ser49Gly389 and Ser49Arg389 combinations, aerobic power was lowest. Inclusion of heterozygous combinations showed significantly higher aerobic power at baseline in the two haplotype combinations, i.e. Ser49-Gly389/ Gly49-Gly389 and homozygous Gly49-Arg389, in comparison to all other combinations.
Given that peak heart rates in this study were similar across Ser49Gly and Gly389Arg groups, the effect on aerobic power is not due to a primarily chronotropic effect, but rather likely to differences in b 1 AR-mediated cardiac inotropy and vasodilation conveyed by the polymorphisms.
Aerobic power in this study was increased on average by 24.2 + 0.6% after physical training, indicating that our training programme provided a sufficient stimulus to induce responses. The range and standard deviation of the improvement in aerobic power in this study were substantial, showing that training responses differ strongly among patients, which compares well to our previous finding in a larger group of cardiac patients. 8 This study did not reveal an effect of b 1 AR variation on the aerobic power response to physical training. This is in agreement with previous observations where it was shown that b-blockade during physical training in patients with CAD does not determine the aerobic power response. 8, 20, 44 Exercise tolerance at baseline, however, has been shown to predict the response to physical training 8 and as such was a potentially confounding variable. Aerobic power at baseline was, therefore, included as a covariate in the analyses, which did not alter the outcome of our study. Patient motivation or the ability to perform is another confounding factor in maximal exercise testing. Therefore, only patients who had achieved evident exhaustion at baseline as well as after 3 months of exercise training were included. Maximal exertion in our patients is obvious from the on average high values for ventilatory equivalent for oxygen (.35) and respiratory gas exchange ratio (.1.11) upon termination of exercise.
Numerous factors may account for differences in outcome among various studies. Most plausible explanations relate to methodological issues, such as discrepancies in study design, sample size, subject selection strategies, training programme, phenotype measurement, etc. First, the effect of genetic b 1 AR variation on aerobic power appears to be very modest and may, therefore, be difficult to detect in studies dealing with a relatively small number of subjects, whereas outliers in smaller studies could falsely affect the outcome. Second, studies in ethnically similar subjects are more likely to detect gene effects that are specific to that particular ethnic subgroup. For these reasons, a large and homogenous cohort consisting only of Caucasian patients with CAD was used in the CAREGENE study. So, our findings should not be generalized to a broader and more diverse population, but require further studies of equal or greater magnitude to investigate the effect of b 1 AR gene variation in subjects of different ethnicity and cardiac disease.
Limitations
Although there is evidence for more polymorphisms, 45 our study focussed only on the two b 1 AR gene polymorphisms which have been previously well described and investigated, i.e. Ser49Gly and Gly389Arg. It could be argued that a complete phenotypic description of b 1 AR function requires simultaneous consideration of all polymorphisms. Finally, it is well established that b 1 AR blockade impairs submaximal endurance performance to a much more important extent as compared with peak performance. 20, 46 It is, therefore, conceivable that the effect of b 1 AR variation on endurance performance may be more pronounced than its impact on aerobic power. Because endurance testing was not performed, we can neither confirm nor exclude the possibility of an association with endurance performance.
Conclusions
In this study, we reported evidence that Ser49Gly, but not Gly389Arg, of the b 1 AR gene and the two haplotype combinations of both polymorphisms are associated with aerobic power, but do not influence the response to physical training in patients with CAD included in the CAREGENE study. Because of the importance of aerobic power as a predictor of survival in patients with cardiovascular disease, 1 these present results suggest that genotyping of the b 1 AR Ser49Gly and Gly389Arg polymorphisms could be used to identify Caucasian CAD patients at risk. The CAREGENE cohort has proven valuable for this type of study.
